Highly branched fatty acids, representing the main component of the preen gland wax of the domestic goose, and their derivatives are promising chiral precursors for the synthesis of macrolid antibiotics. The key step in utilisation of these compounds is the regioselective hydroxylation, which can not be done in a classical chemical approach.
Introduction
Cytochrome P450s are ubiquitous, heme containing monooxygenases, which are able to introduce molecular oxygen at non-activated C-H-bonds. [1, 2] The reduction equivalents, required for heme-iron reduction, are supplied by NAD(P)H and transferred via a flavoprotein and/or ironsulphur proteins. [3] The monooxygenases described in this paper, CYP102A1 from Bacillus megaterium (also referred to as P450 BM-3), CYP102A2 and CYP102A3 from Bacillus subtilis are fusion proteins consisting of a FAD/FMN containing reductase and a P450 monooxygenase in one polypeptide chain, thus exhibiting high turnover rates compared to other P450s. They are highly homologous regarding amino acid sequence (~60% identity for the overall enzyme; 63.8% (A1-A2) and
65.0% (A1-A3) for the monooxygenase domains). Earlier investigations on CYP102A1 showed
that this monooxygenase is under control of the Bm3R1 repressor in B. megaterium. The repressor is inhibited by a wide range of compounds that are known to perturb lipid metabolism, e.g. barbiturates, hypolipidemic drugs and anti-inflammatory drugs. Polyunsaturated fatty acids which are toxic for B. megaterium are also potent inhibitors of Bm3R1 implying that CYP102A1
is probably responsible for fatty acid detoxification. [4] In contrast, CYP102A2 and CYP102A3
are not involved in an adaptive cell response leading to fatty acid detoxification. [5] Anyway, saturated as well as unsaturated fatty acids are hydroxylated by all three enzymes with high activities. Particularly interesting are iso and anteiso fatty acids, which are hydroxylated by CYP102A2 and CYP102A3 with turnover numbers being even one order of magnitude higher than those for non-branched saturated fatty acids. [6] These branched chain fatty acids (12- methylmyristic acid, 13-methylmyristic acid, 14-methylpentadecanoic acid and 15-methylpentadecanoic acid) play an essential role in membrane fluidity regulation in many bacteria (89% of all fatty acids in B. megaterium and 95% in B. subtilis are branched). [7] Therefore CYP102A2 and CYP102A3 might be involved in regulation of the membrane fluidity by degradation of iso and anteiso fatty acids.
A logic consequence of these findings is the closer investigation of the reactivity of the cytochrome P450 monooxygenases towards branched chain fatty acids and their derivatives.
Highly branched fatty acids, which can be found in the preen gland of the domestic goose or the muscovy duck are of particular interest, as they have polyketide-like structures with several chiral centres. [8] The regioselective functionalisation of such substances would offer a convenient route to new important pharmaceutical compounds like macrolide antibiotics. Many recent publications are dealing with post synthetic diversification of polyketides using, e.g. polyketide cytochrome P450 monooxygenases leading to structural diversity and biological activity of macrolides. [9, 10] So far classical chemical synthesis of macrolide antibiotics are complicated and contain e.g.
iterative alkylation steps with a low overall yield. Enantioselective synthesis of the C1-C12 fragment of borrelidin, for example, requires 24 steps in total with an overall yield of 8%. [11] Regio-and enantioselective oxyfunctionalisation of available branched chain fatty acids is not possible by standard chemical methods and a separation of the produced regioisomers is unfavourable. Regioselective hydroxylation of e.g. 4,6,8-trimethyldecanoic acid with three defined chiral centres by a monooxygenase would provide a building block for the total synthesis of borrelidin. Other synthetic approaches using e.g. 2,4,6,8-tetramethyloctanol are also possible but require inversion of at least one chiral centre.
Here we describe the regioselective hydroxylation of highly branched fatty acids and derivatives by CYP102A1 wild type enzyme as well as its A74G F87V L188Q triple mutant. This mutant enzyme has been previously reported to have outstanding activity towards several different groups of chemical compounds, especially alkanes and alkanoic acids. [12] Additionally we
Materials and Methods

Chemicals
All chemicals were of analytical grade or higher quality and were purchased from Fluka (Buchs, Switzerland) or Sigma (Deisenhofen, Germany).
Enzyme expression and purification
Heterologous production of the enzymes in E. coli was done as described previously, using the pET28a+ expression system from Novagen (Madison, Wis., USA) for CYP102A1 and CYP102A2 wild types, [13] pET22 (Novagen) for the CYP102A3 wild type and the pCYTEXP1-vector for CYP102A1 A74G F87V L188Q. [14] All enzymes have been purified by anion exchange chromatography, using a Toyopearl DEAE-650M column from TosoHaas (Stuttgart, Germany). The enzymes were eluted with a linear gradient of NaCl (0 -1 M) in potassium phosphate buffer (50 mM, pH 7.5).
Enzyme activity measurements
The P450 enzyme concentration was calculated from the corresponding CO difference spectra as described elsewhere using an extinction coefficient of 91 mM -1 cm -1 . [15] NADPH oxidation assay was used to measure enzyme activity towards different compounds. Therefore a 1 ml cuvette reaction setup was used, containing 50 mM potassium phosphate buffer pH 7. The products were identified using their characteristic mass fragmentation patterns. Product formation was calculated from GC peak area ratios and related to the amount of NADPH added, revealing coupling efficiencies.
Substrate binding spectra were measured as described elsewhere using 500 µl of purified enzyme solution with an enzyme concentration of 5 to 10 µM. [16] A solution of substrate in DMSO was added subsequently to reach a final substrate concentration between 0.5 to 500 µM depending on substrate and enzyme. A reference sample containing enzyme solution and the appropriate amount of DMSO was used.
For determination of K d , the reciprocal values of the absorption difference between 390 nm and 420 nm were plotted against the reciprocal values of the substrate concentration.
Results and Discussion
Hydroxylation of iso and anteiso fatty acids CYP102A1, CYP102A2, CYP102A3 wild type and the triple mutant CYP102A1 A74G F87V L188Q were overexpressed in E. coli and purified by anion exchange chromatography as described in the materials and methods section. The purity of all three enzyme preparations reached that described previously for CYP102A1. [17] The SDS-PAGE is representative for the purification of all enzyme preparations used and shows the grade of purification for the CYP102A1 A74G F87V L188Q mutant ( Figure 1 ).
The spectroscopic analysis revealed that all enzymes were actively expressed in E. coli (yield:
appr. 400 mg l -1 ). The purified enzyme preparations were used for activity screening towards branched chain fatty acids and their derivatives, based on the oxidation of NADPH. To avoid the detection of unspecific reactions during the NADPH oxidation assays, all reactions have been additionally performed with E. coli cell lysate as a negative control.
In the first experiment 13-methylmyristic acid and 12-methylmyristic acid (iso and anteiso pentadecanoic acid), which play an important role in membrane fluidity regulation of many bacteria, were used as substrates for the wild type enzymes (Tables 1 and 2 ). Kinetic constants for CYP102A2 and CYP102A3 with these substrates were published recently, [5] however, not for CYP102A1. The coupling efficiencies, meaning the amount of NADPH actually used for product formation, were between 32% and 42% in general. Significant differences in initial activity of these monooxygenases were detected. Highest activity was measured for CYP102A2 towards 13- for 12-methylmyristic acid). The hydroxylation patterns were very similar for all three enzymes,
represented by a mixture of ω to ω-6 hydroxylated products. The low regioselectivity in this hydroxylation is further evidence that these enzymes are involved in a first step in degradation of iso and anteiso fatty acids.
Screening with highly branched fatty acids and their derivatives
Encouraged by the high activities found, we screened a variety of branched chain fatty acids derived from the preen gland wax of the domestic goose and the muskovy duck (substrates 1 to Table 3 ). The investigated substance classes cover fatty acids, alcohols, methyl esters, ketones and one chlorinated compound with carbon chain lengths from eight to eleven and three to four branched methyl groups. A photometric NADPH oxidation assay as described above was used for preliminary substrate screening, and the formed products were identified using GC/MS analysis as described in materials and methods. The preliminary substrate screening was performed using identical reaction conditions with relatively low substrate (0. (Table 3) . Educts with a carbon chain length between eight and eleven carbon atoms were hydroxylated at ω-1 position exclusively, if the ω-2 position is branched, and at ω-2 position, if the ω-2 position is not branched. The high regioselectivity of CYP102A1 in these reactions is particularly remarkable, as CYP102A1 and its mutants usually oxidize saturated fatty acids at subterminal (ω-1, ω-2, ω-3)
16,
positions, producing a mixture of differently hydroxylated products. [18, 19] Alcohols were accepted as substrates rather than the corresponding acids, which is in contrast to the results found for non-branched fatty acids and alcohols. [20] Generally the activities of wild type CYP102A1 towards all accepted substrates was quite low (~ 10 -40 min -1 ) as well as coupling efficiencies (10 -50 %).
A recently described triple mutant (CYP102A1 A74G, F87V, L188Q) showing outstanding activity towards alkanes and many other substances was also investigated. [12] This mutant indeed turned out to be more active towards the compounds tested, exhibiting initial turnover rates between 118 eq min -1 and 1218 eq min -1 as well as high coupling efficiencies (e.g. >80% for substrates 3, 9, 10). All substrates apart from 1 (a fatty acid with the shortest carbon chain (C8) among the substrates tested) and 15 (a substrate containing a cyclopropyl unit) were hydroxylated by the triple mutant. Also here, most substrates were hydroxylated with exceptional regioselectivity: those beeing branched at ω-2 position were hydroxylated at ω-1 exclusively;
however the regioselectivity of the enzyme in reactions with substrates 11, 12, 13 and 14, having unbranched ω-1 and ω-2 positions was low. In the latter case the ω-1 and ω-2 positions were hydroxylated and no preference for ω-1 or for ω-2 was observed. For a selective hydroxylation of substrates 12 and 14 at ω-2 position, CYP102A1 wild type could be used (ω-2 >94% regioselectivity).
As substrate 6, 10 and 16 were of special interest as suitable building blocks in synthesis of borrelidin, their catalytic constants were calculated (Table 4 ). Compared to the experiments for estimation of coupling efficiency, higher concentrations of corresponding substrates were used.
In all cases kinetic data were fitted to Michaelis-Menten kinetics. The compound 6 was identified as the best substrate for the triple mutant (k cat =1512 min The products derived from these reactions can directly be used in borrelidin synthesis. The very complex separation of several hydroxylated products can be avoided.
The CYP102A2 and CYP102A3 wild types showed no NADPH consumption at all with the tested substances. After several hours of incubation at room temperature no product could be detected by GC/MS in the reaction extracts, although iso-and anteiso fatty were converted with high turnover numbers between 450 and 3600 per minute.
To further examine this circumstance, we recorded substrate binding spectra to check, whether the substrates can reach the active site and if they show e.g. an inhibitor type binding spectrum. This implies an optimal positioning of the substrates at the active site with simultaneous replacement of water and their high affinity to the enzyme. [21] Titrations of CYP102A1 wild type with both substrates lead to an absorption increase at 420 nm and a decrease at 390 nm, resulting in reverse type I binding spectra (Figure 3 ). Here much higher substrate concentrations (up to 475 µM) were required to perturb the spin state equilibrium. The absorption differences ascend linearly with increasing substrate concentrations. Saturation concentrations could not be reached due to the low solubility of the substrate, but K d certainly was higher than 200 µM. Observation of reverse type I spectra is frequently accounted to a nondisplaced water molecule as sixth ligand of the heme iron, being evidence for poor substrate binding. [22] This is in accordance with the low overall activity of the wild type towards the substrates tested. Obviously the exchange of three amino acids (F87, A74 and L188) has a high influence on correct positioning of the substrates. Phenylalanine 87 is located over the heme active site and substitution by alanine increases the size of the binding pocket. Exchange of alanine 74 to glycine increases local flexibility and reduces steric interactions with the substrate within the access channel. Position 188 also is a part of the substrate access channel and already proved to have impact on carboxylate binding when lysine or glutamine are introduced. [23] Titration of CYP102A2 and CYP102A3 with both substrates was carried out analogously, but even with high substrate concentrations (> 500 µM) no spin state perturbation was observed, indicating that the substrates do not bind in the binding pocket or do not reach the heme group.
If one considers the high identity among CYP102A1, CYP102A2 and CYP102A3 including identity of crucial amino acids close to the heme active site, e.g. might change the active site structure such, that bulkier substrates are also hindered from entering the active site. This is an issue which is not addressed by a simple homology model based on the CYP102A1 crystal structure. [24] A crystal structure of the two Bacillus CYP's might help to understand the differences in substrate accessibility.
The selective hydroxylation of highly branched fatty acids and derivatives provides an easy access to chiral precursors for the production of polyketides. The use of cytochrome P450 monooxygenases, especially the CYP102A1 A74G F87V L188Q triple mutant, for regioselective hydroxylation of substrates derived from the preen gland wax of the domestic goose opens an Crystal structure of CYP102A1 (A) and homology models of CYP102A2 (B) and CYP102A3 (C). The active sites and the substrate access channels are shown including palmitic acid as substrate and the heme group (both displayed in black). 
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